Glucokinase plays a key role in the regulation of glucose utilization in liver and its expression is strongly enhanced by insulin and modulated by venous pO 2 . In primary rat hepatocytes, pO 2 modulated insulindependent glucokinase (GK) gene expression was abolished by wortmannin an inhibitor of phosphatidylinositol 3-kinase (PI3K). Transfection of vectors encoding the p110 catalytic subunit of PI3K or constitutively active proteinkinase B (PKB) stimulated GK mRNA and protein expression. The transfection of GK promoter constructs together with expression vectors for p110 or constitutively active PKB revealed that the GK promoter region ؊87/؊80 mediates the response to PI3K/PKB. Transfection experiments and gel shift assays show that this element is able to bind hypoxia-inducible factor-1 (HIF-1) in a hypoxia-and PKB-dependent manner. The ability of HIF-1␣ to activate the GK promoter was enhanced by hepatocyte nuclear factor-4␣ (HNF-4␣), acting via the sequence ؊52/؊39, and by the coactivator p300. Stimulation of the GK promoter by insulin was dependent on the intact ؊87/؊80 region and maximal stimulation was achieved when HIF-1␣, HNF-4, and p300 were cotransfected with the ؊1430 GK promoter Luc construct in primary hepatocytes. Maximal stimulation of GK promoter activity by insulin was inhibited when a p300 vector was used containing a mutation within a PKB phosphorylation site. Thus, a regulatory transcriptional complex consisting of HIF-1, HNF-4, and p300 appears to be involved in insulin-dependent GK gene activation.
crucial role in maintaining blood glucose homeostasis. In contrast to the other hexokinase family members (hexokinase I-III), GK has a lower affinity for glucose with sigmoidal kinetics and is not inhibited by its reaction product glucose 6-phosphate. Compared with the other hexokinases with a molecular mass of about 100 kDa, GK has a molecular mass of only 50 kDa and binds to a glucokinase regulatory protein, which decreases its affinity for glucose. These attributes allow the GK enzyme to react adequately with glucose in concentrations reached in vivo (1) (2) (3) . GK expression is restricted to hepatocytes, the pancreatic ␤-cells, some neuroendocrine cells of the gastrointestinal tract, and the brain (4).
Insulin is a major regulator of GK gene expression in the liver. In primary hepatocytes, insulin concentrations from 10 Ϫ10 M up to 10 Ϫ8 M stimulate GK mRNA levels in a dose-dependent fashion, whereas glucagon and its second messenger cAMP inhibits GK expression (5) . The ability of insulin to stimulate GK expression is positively modulated by perivenous pO 2 (6) , consistent with the predominant localization of GK in the less aerobic perivenous area of the liver acinus (7) .
Following insulin binding to its receptor and receptor autophosphorylation, insulin signaling involves second messengers including members of the phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase cascades (8) . PI3K, which generates phosphatidylinositol 3,4,5-phosphate, plays a key role in the metabolic actions of insulin (9) . Phosphatidylinositol 3,4,5-phosphate regulates the activity or subcellular localization of a variety of signaling molecules such as phosphatidylinositol-dependent kinase and protein kinase B (PKB, also known as Akt) (10, 11) , which in turn phosphorylates a number of target proteins including glycogen synthetase kinase-3, transcription factors of the foxoforkhead family, and coactivators such as p300.
Besides its major role in the transmission of the insulin signal (8) , the phosphatidylinositol 3-kinase/protein kinase B pathway appears also to be involved in the oxygen signaling cascade, regulating the activity of the transcription factor hypoxia-inducible factor-1 (HIF-1) (12, 13) . HIF-1 is composed of an inducible subunit (HIF-1␣) and a constitutively expressed subunit (HIF-1␤, also known as ARNT), and both are members of the basic helix-loop-helix-PAS protein family. HIF-1 is involved in hypoxia-dependent induction of a variety of genes, including erythropoietin, glycolytic enzymes, but also plasminogen activator inhibitor-1 and vascular endothelial growth factor (14 -18) . Two other HIF ␣-subunits, HIF-2␣ (EPAS/HLF/ HRF/MOP2) (18 -21) , and HIF-3␣ (22, 23) have been cloned from human, mouse, and rat, and together with other ARNT isoforms (ARNT2 and ARNT3/BMAL-1/MOP-3), they give rise to the existence of several HIF dimers composed of different HIF ␣-subunits and ARNT isoforms (18, 24) . Interestingly HIF-␣ protein levels and transcriptional activity have been shown to be enhanced by insulin (25) (26) (27) .
The transcription factors mediating the modulation of the insulin-dependent GK gene expression by perivenous pO 2 in hepatocytes, and thus the zonated GK expression in liver, are not yet known. Transcription factors that could be involved include the HIF-1, sterol-regulatory element-binding protein-1 (SREBP-1) (28), upstream stimulatory factors (USFs) (29) , and HNF-4 (30), all of which can be regulated by oxygen or by insulin or by both. The transcriptional coactivator p300, which has been shown to contain a PKB phosphorylation site (31) and to interact with HIF-1␣ and HNF-4 (32-35), also might be involved. Thus, it was the aim of this study to investigate whether the PI3K/PKB pathway and the factors HIF-1, HNF-4, and p300 are involved in mediating the effect of insulin on GK gene expression.
EXPERIMENTAL PROCEDURES
All biochemicals and enzymes were of analytical grade and were purchased from commercial suppliers.
Animals-Male Wistar rats (200 -260 g) were kept on a 12 h day/ night rhythm (light from 7 a.m. to 7 p.m.) with free access to water and food. Rats were anesthetized with pentobarbital (60 mg/kg body weight) prior to preparation of hepatocytes between 8 a.m. and 9 a.m.
Plasmid Constructs-The reporter plasmid rat GK-1430 LUC was constructed by inserting a BglII-HindIII GK promoter fragment (Ϫ1430/ϩ21) into pGL3 basic from Promega (Heidelberg, Germany). The reporter plasmid GK-101 LUC or GK-101HREm LUC which contains a mutation in the hypoxia-responsive element (HRE) (Ϫ87/Ϫ80) were constructed by inserting a SmaI-XhoI promoter fragment (Ϫ101/ ϩ79) (36) into pGL3 basic. The GK-1430HREm and GK-1430HNFm LUC construct was generated using the QuickChange mutagenesis kit (Promega) with GK-1430 LUC as template. All constructs were verified by sequencing in both directions.
The p110 plasmid containing the p110␣ cDNA (37) was a kind gift from Dr. J. Downward. The vectors expressing PKB and the constitutively active form of PKB (myrPKB) were a kind gift from Dr. D. Stokoe and have already been described (38) . The human SREBP-1a expression plasmid (39) , the rat HNF-4␣ expression vector (40) , and the rat HIF-1␣ expression vector were already described (41) . The expression vectors encoding the human p300 as well as the p300mut containing a mutation replacing serine with alanine at position 1834 also have been described (31) .
Cell Transfection and Luciferase Assay-Liver cells were isolated by collagenase perfusion and maintained under standard conditions in an atmosphere of periportal pO 2 (16% O 2 /79% N 2 /5% CO 2 (by volume)) in medium M199 containing 0.5 nM insulin added as a growth factor for culture maintenance, 100 nM dexamethasone required as a permissive hormone, and, until the first change of medium after 5 h, 4% newborn calf serum, as described previously (42) . Freshly isolated rat hepatocytes (about 1 ϫ 10 6 cells per dish) were transfected as described (42) , thereby controlling transfection efficiency by cotransfection with 0.25 g of Renilla luciferase expression vector (pRLSV40) (Promega). In brief, 2 g of the respective LUC construct was transfected with 500 ng of p110, PKB-WT, myrPKB, SREBP-1a, HIF-1␣, or HNF-4 and/or p300 expression vectors or with appropriate amounts of the respective empty expression vectors. After 5 h, the medium was changed and the cells were cultured under periportal pO 2 (16% O 2 ) for 19 h, then the medium was changed again and the cells were further cultured for 24 h under periportal pO 2 .
Western Blot Analysis-Protein from primary cultured hepatocytes and transiently transfected hepatocytes were isolated as described previously (43) . The protein content was determined using the Bradford method. 50 g of protein dissolved in 27 l of SDS sample buffer was loaded onto a 10% SDS-polyacrylamide gel and then transferred onto nitrocellulose membranes. Nonspecific binding was blocked with blocking buffer (10 mM Tris/HCl (pH 7.5), 100 mM NaCl, 0.1% Tween 20, 10% milk powder). Blots were incubated with primary goat antibody against GK (Santa Cruz Biotechnology, Heidelberg, Germany) in a 1:200 dilution or with 1:1000 dilution of the rabbit antibodies against phospho-PKB/Akt (Thr 308 ), phospho-PKB/Akt (Ser 473 ), or total PKB/Akt (New England Biolabs, Heidelberg, Germany) in blocking buffer overnight at 4°C. Washing was performed with blocking buffer without milk powder. The secondary antibodies were anti-goat IgG (Dako, Hamburg, Germany) or anti-rabbit IgG (Santa Cruz Biotechnology) used in a 1:2000 dilution for 1 h. The primary rabbit antibody against golgi membrane (Bioscience, Göttingen, Germany) was used in a 1:8000 dilution. The secondary antibody was a goat anti-rabbit IgG horseradish peroxidase (Santa Cruz Biotechnology), used in a 1:2000 dilution. After washing for 30 min, the ECL Western blotting system (Amersham Biosciences, Freiburg, Germany) was used for detection. Under these conditions, GK was visible as a band of 53 kDa and PKB as a band of about 60 kDa.
RNA Preparation and Northern Analysis-Isolation of total RNA and Northern analysis were performed as described previously (6) . Digoxigenin-labeled antisense RNAs served as hybridization probes; they were generated by in vitro transcription from pBS-GK-1 using T3 RNA polymerase or from pBS-␤-actin using T7 RNA polymerase and RNA labeling mixture containing 3.5 mM 11-digoxigenin-UTP, 6.5 mM UTP, 10 mM GTP, 10 mM CTP, and 10 mM ATP. Hybridizations and detections were carried out essentially as described previously (6) . Blots were quantified with a videodensitometer (Biotech Fischer, Reiskirchen, Germany).
Preparation of Nuclear Extracts-Nuclear extracts were prepared by modification of a standard protocol (41, 44) with buffers A and C containing 0.5 mM dithioerythritol (Sigma, Taufkirchen, Germany), 0.4 mM phenylmethylsulfonyl fluoride (Serva, Heidelberg, Germany), 2 g of leupeptin per ml (Roche Applied Science, Mannheim, Germany), 2 g of pepstatin per ml (Roche Applied Science), 2 g of aprotinin per ml (Bayer, Leverkusen, Germany), 1 mM sodium vanadate (Sigma) and the "complete" protease inhibitor mixture tablets (Roche Applied Science) essentially as described previously (41, 44) .
Electrophoretic Mobility Shift Assay (EMSA)-The sequence of the GK-HRE oligonucleotide was 5Ј-ACCCCACGTGGTTCTTTGT-3Ј. Equal amounts of complementary oligonucleotides were annealed and labeled by 5Ј-end labeling with [␥-32 P]ATP (Amersham Biosciences) and T4 polynucleotide kinase (MBI, St. Leon-Rot, Germany). They were purified with the Nucleotide Removal Kit (Qiagen, Hilden, Germany). Binding reactions were carried out in a total volume of 20 l containing 50 mM KCl, 1 mM MgCl 2 , 1.1 mM EDTA, 5% glycerol, 10 g of nuclear extract, 250 ng of poly(dI-dC), and 5 mM dithioerythritol. After preincubation for 5 min at room temperature, 1 l of the labeled probe (10 4 cpm) was added, and the incubation was continued for an additional 10 min. For supershift analysis either 1 l rat HIF-1␣ antibody (41), USF-2 antibody (N18), or Myc (C33) antibody (Santa Cruz Biotechnology) was added to the EMSA reaction and then incubated at 4°C for 2 h. The electrophoresis was then performed with a 5% non-denaturing polyacrylamide gel in TBE buffer (89 mM Tris, 89 mM boric acid, 5 mM EDTA) at 200 V. After electrophoresis the gels were dried and analyzed by phosphorimaging (41, 44) .
RESULTS

Venous pO 2 Enhances Phosphorylation of PKB by Insulin in
Primary Rat Hepatocytes-The signaling pathway(s) mediating the effects of insulin and pO 2 on GK gene expression are unknown. Since insulin can exert effects on gene expression via PI3K and PKB (45), we considered the possibility that perivenous pO 2 may modulate the activation of the PI3K/PKB pathway or its downstream targets in primary hepatocytes.
Therefore, we examined the activation of PKB in hepatocytes that were cultured under periportal and perivenous pO 2 and stimulated with insulin. After insulin stimulation, the levels of serine 473-phosphorylated PKB were enhanced by about 7-fold under periportal pO 2 and by about 10-fold under perivenous pO 2 . Threonine 308 phosphorylation of PKB protein was enhanced by about 2-fold under periportal pO 2 and by about 4-fold under perivenous pO 2 . In contrast, the level of total PKB protein was not modulated by venous pO 2 neither under control conditions or after insulin treatment (Fig. 1) . The modulation by O 2 of the insulin-induced PKB phosphorylation indicates a possible involvement of PKB mediating the effects of O 2 on insulin-dependent GK expression.
Induction of Glucokinase Expression by Insulin and by Overexpression of the PI3K Catalytic Subunit p110 or a Constitutively Active PKB in Primary Rat Hepatocytes: Inhibition by
Wortmannin-To investigate whether the effects of insulin on GK mRNA expression is mediated via PI3K and/or PKB, rat hepatocytes were treated with insulin and/or the PI3K inhibitor wortmannin or transfected with an expression vector encoding a constitutively active form of PKB (myrPKB). Under periportal pO 2 conditions, insulin treatment increased GK mRNA levels by about 6-fold (Fig. 2) . Wortmannin completely inhibited the insulin-dependent GK mRNA induction. In the myrPKB-transfected cells, the GK mRNA level was enhanced by about 15-fold and was not increased further by treatment with insulin (Fig. 2) . The PI3K-and PKB-dependent regulation of GK protein also was examined. The level of GK protein was increased by insulin treatment under venous pO 2 by about 9-fold (Fig. 3) . When the vectors encoding the catalytic PI3K subunit p110 or myrPKB were transfected into hepatocytes, GK protein levels were enhanced by about 10-fold and 14-fold, respectively (Fig. 3) .
Stimulation of GK Promoter-controlled LUC Expression by Overexpression of p110 or PKB in Primary Rat Hepatocytes-To
further investigate the role of PI3K and PKB in regulating GK expression we investigated whether GK promoter activity is regulated via the PI3K-PKB-pathway and cotransfected primary rat hepatocytes with liver-specific GK promoter LUC gene constructs and expression vectors encoding p110, PKB-WT, or myrPKB.
Cotransfection of hepatocytes with the p110 vector together with GK-1430 LUC, containing the entire liver-specific GK promoter, enhanced Luc activity by about 2-fold (Fig. 4) . Cotransfection with PKB-WT, increased luciferase activity by about 3-fold, while cotransfection with the myrPKB vector mediated an induction of Luc activity by about 4.3-fold. Similarly, cotransfection with the p110, PKB-WT, or myrPKB expression vectors stimulated promoter activity in a LUC gene construct containing the wild-type 101-bp rat GK promoter (GK-101 LUC) by about 2-fold. By contrast, the p110, PKB-WT, and myrPKB expression plasmids did not result in the activation of the GK-1430 HREm and GK-101 HREm constructs, where the P2 region (Ϫ87/Ϫ80) containing a putative binding site for HIF-1 has been mutated. These results indicate that factors binding to the putative HRE located in the proximal GK promoter could be targets of PKB signaling.
Stimulation of Rat GK Promoter Activity by SREBP-1a and HIF-1␣-The putative GK-HRE 5Ј-CACGTGGT-3Ј matches the HIF-1 hypoxia response element consensus sequence 5Ј-BACGTSSK-3Ј (B ϭ G/C/T; S ϭ C/G; K ϭ G/T) (46) with its core 5Ј-RCGTG-3Ј (47) as well as the E-box consensus sequence 5Ј-CANNTG-3Ј (n ϭ A/G/C/T), which appears to be the common recognition site for bHLH transription factors such as SREBP-1a (28, 48) , Myc/Max, or USF (29) . Since it has been shown that the expression of SREBP (28, 49) and HIF-1␣ (26, 27, 50) can be stimulated by insulin, we examined whether SREBP and HIF-1␣ may regulate GK promoter activity via the putative HRE.
Cotransfection of GK-1430 LUC with a plasmid encoding SREBP-1a enhanced the Luc activity by about 2.8-fold (Fig. 5) . In contrast, the SREBP-1a vector did not stimulate promoter activity in cells transfected with either the GK-101 LUC or GK-101 HREm LUC gene constructs (Fig. 5) .
When GK-1430 LUC was cotransfected with an expression vector for HIF-1␣, luciferase activity was enhanced by about 3.3-fold. The HIF-1␣ mediated induction of Luc activity was also visible when the GK-101 LUC construct was cotransfected with the HIF-1␣ expression vector. By contrast, when GK-101 HREm LUC was cotransfected with the HIF-1␣ vector the HIF-1␣-dependent increase in Luc activity was attenuated (Fig. 5) .
Together, these studies indicate that the activation of GK promoter LUC gene constructs by SREBP is not mediated by the GK-HRE. Instead, this site may mediate the activation of the GK promoter by HIF-1. These results also indicate that SREBP proteins also may contribute to the full effect of insulin on GK expression-just not through this element.
Positive Modulation of Protein Binding to the HRE Sequence of the Rat GK Promoter by Hypoxia and Overexpression of PKB-To further substantiate that HIF-1 may be involved in the signaling cascade activating GK expression via the HRE downstream from PKB, we examined binding of nuclear proteins to an oligonucleotide probe containing the GK-HRE by EMSA. The GK-HRE oligonucleotide (Ϫ91/Ϫ71) was able to form two complexes with nuclear proteins prepared from primary hepatocytes. The formation of the slower migrating complex was enhanced when nuclear extracts were prepared from cells cultured under venous pO 2 (mild hypoxia). By contrast, the ability of nuclear extracts to form the faster migrating complex was not altered by changes in pO 2 (Fig. 6) . Since the sequence of the GK-HRE was previously shown to be involved in binding of USF proteins, it was possible that the slower migrating complex might contain USF proteins. To determine whether HIF-1␣ and USF proteins are constituents of the observed complexes specific antibodies against HIF-1␣ and USF-2 were added to the EMSA reaction.
Addition of the USF-2 antibody inhibited formation of the faster migrating (pO 2 -independent) complex whereas the hypoxia-inducible complex remained nearly intact. In contrast, when addition of the antibody against HIF-1␣ abolished the formation of the hypoxia-dependent complex and a slight supershift could now be detected, consistent with a previous study (14) . The HIF-1␣-containing nuclear protein complex was also detected by using nuclear extracts prepared from cells cultured under higher (periportal) pO 2 and transfected with the PKB expression vector. The formation of this complex was again strongly suppressed in the presence of the antibody against HIF-1␣ and a supershift was formed. To ensure specificity of the observed results and to test whether members of the bHLH family such as Myc may participate in binding to the HRE, supershifts with Myc antibodies were performed. Addition of antibodies against Myc did not result in a supershift or inhibition of complex formation (Fig. 6 ). These findings indicate that the GK-HRE can be bound by HIF-1 and that this binding is positively modulated via the PI3K-PKB pathway.
Insulin Stimulates Rat GK Promoter Activity in Hepatocytes via PI3K/PKB, HIF-1␣, and HNF-4 with p300 Acting as Positive Modulator-Studies with the erythropoietin (EPO) HRE,
enolase-1 HRE, and plasminogen activator inhibitor-1 HRE have shown that HIF-1 binding activity is stimulated by insulin (25, 27) . Furthermore, it was shown that downstream of the EPO-HRE, the binding of HNF-4 to an HNF-4-responsive element enhances HIF-1-mediated EPO gene activation (32, 33) . HNF-4 is known to interact with the ␤-subunit of HIF-1 and both, the ␣-and ␤-subunits of HIF-1 are able to bind the transcriptional activator p300 (34, 35, 52). We recently identified an HNF-4-responsive element located downstream to the GK-HRE, implicating a similar mechanism of transcriptional regulation as with the EPO gene (30) .
To investigate the role of HIF-1␣, HNF-4␣, and p300 in insulin-regulated GK expression, we transfected primary rat hepatocytes with either the wild-type GK-1430 LUC construct, the GK construct lacking the HRE (GK-1430HREm), or the construct lacking the HNF-4 binding site (GK-1430HNFm) together with the expression vectors for HIF-1␣, HNF-4␣, and p300 alone or in combination.
In hepatocytes transfected with GK-1430 LUC, treatment with insulin resulted in an about 2-fold enhancement of Luc activity (Fig. 7) . Cotransfecion of GK-1430 with HIF-1␣ increased Luc activity by about 2-fold and insulin increased Luc activity further to about 4-fold. The enhancement of Luc activity by HNF-4 was about 4.5-fold, consistent with a previous study (13) , and insulin now increased Luc activity by about 7-fold. Transfection of GK-1430 with HIF-1␣ and HNF-4␣ together increased Luc activity by about 6-fold, and insulin treatment elicited a 10-fold increase in Luc activity under these conditions (Fig. 7) .
Cotransfection of GK-1430 with p300WT mediated an increase in Luc activity by about 4-fold, which was enhanced upon insulin treatment to about 7-fold. The transfection of GK-1430 with HIF-1␣, HNF-4␣, and p300WT increased Luc activity by about 8-fold. Treatment with insulin now maximally increased Luc activity by about 20-fold. Since cooperative effects of p300 with HIF-1 involve the C/H1 domain of p300, we also sought to interrupt the cooperativity by cotransfection of a p300 mutant lacking the C/H1 domain (p300⌬ C/H1). When GK-1430 LUC was transfected together with HIF-1␣, HNF4␣, and the vector encoding p300⌬ C/H1, the cooperative induction of GK promoter activity was abolished (data not shown). This result indicates that interactions with this region of p300 are required for cooperative activation of the GK-1430 promoter by HIF and HNF4␣, similar to previous studies with the EPO gene (34, 35) . While insulin has been shown to enhance HIF-1␣ protein levels, it is so far unknown whether PKB might modulate cooperative actions of HIF and HNF-4. Since neither HIF-1␣ or HNF-4 contain a predicted PKB phosphorylation sequence we considered the possibility that PKB might promote cooperativity between HIF-1 and HNF-4 via the coactivator p300, which contains a PKB phosphorylation site at Ser 1834 (31) . To determine whether phosphorylation of serine 1834 may be critical for the ability of insulin to regulate GK promoter activity, we performed cotransfection studies with the Ϫ1430 GK promoter LUC constructs together with vectors allowing expression of HIF-1␣, HNF4, and p300mut, in which serine 1834 is replaced with alanine, a neutral amino acid that is not susceptible to phosphorylation.
When GK-1430 LUC was transfected together with HIF-1␣, HNF4␣, and the vector encoding the mutated unphosphorylatable p300, Luc activity was enhanced by about 7-fold and treatment with insulin had only a limited effect, thus resulting in about the same values as with HIF-1␣ and HNF-4␣ alone (Fig. 7) .
Mutation of the HRE abolished the ability of insulin to stimulate GK promoter activity, and neither HIF-1␣, nor p300WT alone or in combination could enhance Luc activity significantly, whereas the HNF-4-mediated induction persisted similarly as with the wild type GK construct (Fig. 7) .
In contrast, mutation of the HNF-4 binding site diminished the ability of HIF-1␣ and p300 to stimulate promoter activity but did not disrupt the effect of insulin. No increase in Luc activity was measurable by using the HNF-4␣ expression vector, and the cooperative induction of Luc activity by HIF-1␣, HNF-4␣, and p300 as observed with the wild-type GK promoter was completely abolished by using GK-1430HNFm (Fig. 7) .
Together, these results indicate that the ability of insulin to stimulate GK promoter activity involves the effects of HIF-1 at the HRE, while the cooperative interactions between HIF-1, HNF-4, and p300 phosphorylated at serine 1834 appears to be important for a robust induction.
DISCUSSION
In this study, we found that the expression of the GK gene can be enhanced by insulin via the PI3K/PKB pathway in primary rat hepatocytes. To our knowledge these studies provide the first report that insulin is able to activate the liverspecific GK promoter through the hypoxia response element in the proximal GK promoter and that interactions between HIF-1, HNF-4, and p300 contribute to this effect. with another study in rat hepatocytes showing that the insulininduced increase in GK mRNA abundance was completely abolished by PI3K inhibitors such as wortmannin and LY294002 (53) . The involvement of PKB in regulating GK expression also has been shown by transducing primary rat hepatocytes with an adenovirus vector allowing an 4-hydroxytamoxifen-activable expression of PKB. The 4-hydroxytamoxifen treatment of the transduced cells resulted in a GK mRNA induction similar to the insulin-induced mRNA accumulation (53) . This regulation does not appear to be hepatocyte-specific, since GK gene expression also is stimulated by insulin in pancreatic ␤ cells via involvement of the insulin receptor type B, PI3K, and PKB (54) . However, those studies did not provide information about the transcription factors involved in this regulation of GK expression.
Involvement of the PI3K/PKB Pathway in the Regulation of Gene Expression-The
In addition to GK gene, the PI3K/PKB pathway has been shown to be involved in the insulin-dependent regulation of several other genes such as SREBP-1 (36), GLUT-1 (55), IG-FBP-1 (56), G-6-Pase (57), and FAS (58). As with the GK gene, the transcription factors mediating the effects of insulin via PKB on the expression of SREBP and GLUT-1 are not yet known, whereas USF has been implicated in mediating the effects of insulin on FAS gene expression (58) . FOXO forkhead proteins are thought to mediate negative effects of insulin on the expression of IGFBP-1 and G-6-Pase (31, 57, 59) .
Involvement of Hypoxia-inducible Factor 1 in the Insulinmediated Gene Expression-In the present study, cotransfection experiments with plasmids allowing the expression of the p110 catalytic subunit of PI3K, the wild-type PKB, or constitutively active myristoylated PKB (myrPKB) showed that the HRE located in the proximal GK promoter participates in PI3K/PKB-dependent GK gene expression (Fig. 4) . Enhanced interaction of HIF-1␣ proteins at the GK-HRE was demonstrated by EMSA using nuclear extracts from cells cultured under perivenous pO 2 (mild hypoxia) or under periportal pO 2 but transfected with PKB expression plasmids.
The above mentioned findings are in line with studies showing that insulin enhances the binding of HIF-1 to HREs in HepG2 hepatoma cells, L6 rat skeletal muscle myoblasts, and primary hepatocytes (25) (26) (27) . Furthermore, transfection studies with an HIF-1-dependent Luc reporter gene containing HRE sequences demonstrate an insulin-dependent enhancement of Luc activity, which also is in line with the present findings. In addition, the insulin-induced enhancement of HIF-1␣ protein levels is inhibited in a dose-dependent manner by specific PI3K inhibitors such as LY294002 and wortmannin in prostate carcinoma-derived cell lines (13) and hepatocytes (27) , implicating the involvement of a PI3K-dependent pathway. Insulin appeared to act via a translationaldependent pathway, since cycloheximide inhibited the insulindependent enhancement of HIF-1␣ protein levels (50) . Additionally, the HIF-1-dependent gene transcription was inhibited by overexpression of a dominant negative PI3K or PKB, whereas these inhibitory actions could be counteracted by a constitutively active PKB (12, 13) . Together, these studies indicate that signaling via the PI3K/PKB pathway may contribute to the induction of HIF-1␣ at both the translational and post-translational level.
Besides insulin, other hormones, growth factors, and clotting factors, which are able to activate the PI3K/PKB pathway such as insulin-like growth factor (25, 60) , angiotensin II (61), platelet-derived growth factor (61, 62) , thrombin (62), and tumor necrosis factor ␣ (63), have been shown to enhance the HIF-1␣ levels and HIF-1 activity independent from the oxygen tension in different cells.
While increased binding of USF to the Ϫ65/Ϫ60 E-box in the FAS promoter contributed to the ability of insulin to stimulate FAS expression in 3T3-L1 fat cells through a PI3K and PKBdependent mechanism (58), we did not observe any increase in the binding of USF to the GK-HRE with the nuclear extracts from hypoxic cells or from PKB-transfected cells. This argues against a dominant role of USF in the insulin-and PI3K/PKBmediated GK promoter activation (Fig. 6) .
Another possible binding partner at the GK-HRE could be SREBP. SREBP-1 is induced by insulin and can bind to E-box motifs (28, 48, 64) . In the liver, the SREBP proteins are represented mainly by SREBP-1a and -1c, respectively (39, 65) . It was shown that in primary rat hepatocytes the expression of SREBP-1c is positively controlled by insulin and negatively controlled by glucagon and cAMP. The adenovirus-mediated transduction of a dominant negative form of SREBP-1c into rat hepatocytes has shown that SREBP can be involved in glucosedependent stimulation of the type L pyruvate kinase, FAS, Spot 14, and acetyl-coenzyme A carboxylase gene expression (28) . Additionally, this dominant negative form of SREBP in- hibited the insulin-dependent GK expression (28) . This suggested that SREBP may contribute to insulin-regulated GK gene expression. Nevertheless, we observed that SREBP does not regulate GK expression via an element within the first 101 bp of the GK promoter as shown in cotransfection studies (Fig.  5) . However, this does not exclude the possibility that SREBP proteins may contribute to GK regulation through other elements under different conditions. concept that other mechanisms, such as HRE binding of HIF-1, are involved in the insulin-and PI3K/PKB-regulated GK expression.
Cooperation of HIF-1, HNF-4, and CBP/p300 at the GK Promoter-This study shows that HIF-1␣, HNF-4, and p300 function cooperatively to enhance the activity of the liver-specific GK-1430 promoter (Fig. 7) . Interestingly, HIF-1␣, HNF-4, and p300WT cotransfected cells show the most robust induction of Luc activity upon treatment with insulin (Fig. 7) . This positive effect of insulin could be abolished by wortmannin (data not shown), which is in line with our finding that an expression vector encoding a mutant form of p300 in which a PKB phosphorylation site was mutated, abrogated this insulin-dependent activation of Luc activity (Fig. 7) . The cooperative effects of HIF-1␣, HNF-4, and p300 appear to be similar as proposed for the EPO gene where, under hypoxia, heterodimeric HIF-1 binds to an HRE, while HNF-4 binds to a direct repeat downstream of the HRE. The binding of HNF-4 is crucial for an enhanced hypoxic response, and recruitment of the transcriptional coactivator p300 by HIF-1 and HNF-4 further enhanced the EPO expression (34, 35) .
The specific interaction of these three factors in the regulation of GK and EPO expression also is supported by results from yeast two-hybrid studies and pull-down assays with glutathione S-transferase fusion proteins containing the first cysteine/histidine-rich p300 region (CH1) and radioactively labeled HIF-1␣ (35) . The p300 CH1 domain serves as a scaffold for folding of the HIF-1␣ C-terminal transactivation domain, which forms a vise-like clamp on the CH1 domain (66) . Upon binding to the CH1 domain of p300, three short helices are formed in the HIF-1␣ C-terminal transactivation domain which are stabilized by intermolecular interactions (67 , and Cys 393 in the C/H1 domain of p300 have also been shown to be essential for functional interaction (68) . Whether phosphorylation of serine 1834 within the Q domain of p300 is also critical for direct interaction with HIF-1 and/or HNF-4, or whether other factors also required for effective interaction between these proteins and cooperative function, was not addressed in the present investigation. Additional studies will be required to address this question.
The interaction between HIF-1, cAMP-responsive elementbinding protein (CREB) together with CBP/p300 also was found to be necessary for the robust hypoxia-dependent activation of the lactate dehydrogenase A gene (51) . Thus, besides the EPO gene and the lactate dehydrogenase A gene, this study with the GK gene represents another example in which a multifactorial HIF-containing transcriptional complex requires p300 for optimal activation.
Taken together, the results of the present study indicated that insulin-stimulated GK gene expression is mediated through the PI3K/PKB pathway. PKB activation results in the enhancement of HIF-1␣ protein levels and thus formation of active HIF-1 dimers. In addition, phosphorylation of p300, which interacts with HIF-1 and HNF-4, also may contribute to the stimulation of GK gene expression.
